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14-3-3 proteins: structure resolved, functions less clear
The crystal structures of 14-3-3 proteins reveal that they form dimers with a deep
groove running along the length of the dimer. The location of conserved residues in this
groove suggests that it plays an essential role in the adaptor functions of these proteins.
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The 14-3-3 proteins are a family of highly conserved
proteins found in lower and higher eukaryotic cells. Mul-
tiple isoforms have been found in mammalian cells.
Mammalian brain tissue, for example, contains five differ-
ent 14-3-3 proteins, two of which are phosphorylated. A
wide spectrum of functions has been ascribed to these
proteins including the following: roles in transcriptional
regulation in plants [1]; cell-cycle controls for DNA dam-
age in fission yeast [2]; and inhibitors or activators of pro-
tein kinase C in mammalian cells [3,4]. Last year a flurry
of papers suggested that 14-3-3 proteins may be involved
in intracellular signal transduction by associating with at
least three proteins which regulate signalling: 14-3-3 pro-
teins were found to bind to the middle T transforming
protein of polyoma virus [5], to the Raf-1 protein kinase
[6-8] and to Bcr [9], a GTPase-activating protein (GAP),
which activates Rac (a member of the Ras superfamily of
small GTP-binding proteins) but also has serine-kinase
activity. It is intriguing that these small 14-3-3 proteins
appear to be involved in the function of so many diverse
proteins and in such a wide range of cellular processes.
Because of the intense interest within the signal-
transduction field in the mechanism of activation of the
kinase Raf-1, the discovery that the 3 and C isoforms of
14-3-3 proteins bind to Raf-1 has attracted much atten-
tion. In mammalian cells, Raf-1 is regulated both by Ras
and by phosphorylation. Following agonist stimulation,
Raf-1 associates with Ras and is translocated to the
plasma membrane. Once there, it may become activated
by phosphorylation, although other possible mechanisms
of activation exist (see [10] and references therein). The
most persuasive results for the hypothesis that 14-3-3
proteins function as Raf-1 activators come from two sets
of experiments. Fantl et al. [6], found that injection of
14-3-3 into Xenopus oocytes led to the activation of
endogenous Raf-1, while Irie et al. [11] found that
Ras-dependent activation of mammalian Raf-1, when
both were expressed in budding yeast, required the yeast
14-3-3 homologue, BMH1. These experiments suggest
that 14-3-3, acting together with Ras, may be an essen-
tial component of Raf-1 activation. Some recent results,
however, call this interpretation into question. Michaud
et al. [12] have shown that a Raf-1 protein which cannot
interact with 14-3-3 is still catalytically and biologically
active: interestingly, however, it cannot be regulated by
Ras in Xenopus oocytes. Michaud et al. also show that
14-3-3 only binds to Raf-1 and Bcr if they are
phosphorylated. Furthermore, Dent et al. [13] show that
when active Raf-1 is bound to 14-3-3 protein, Raf-1 is
resistant to inactivation by protein phosphatases. It is pos-
sible that the inhibition of phosphatase action explains
the increase in Raf-1 activity seen following injection of
14-3-3 into Xenopus oocytes and it may also explain why
its homologue, BMH1, is required for the activation of
Raf-1 in yeast. These data suggest that the role of 14-3-3
may be to stabilize activated Raf-1, rather than to serve
as an activator itself.
While it has been difficult to define the precise biological
function of 14-3-3 proteins, considerable progress has now
been made in solving their structure. The structure has
unsuspected features which will prompt new investiga-
tions, into function. In two recent papers in Nature, Xiao
et al. [14] and Liu et al. [15] show that for two different
isoforms of 14-3-3, human T and bovine respectively,
14-3-3 monomers comprise a bundle of nine antiparallel
o-helices. These monomers then associate to form elegant
dimers (Fig. 1). This dimerization creates an unusual struc-
ture, with a large groove (35 A broad, 35 A wide and 20 A
deep) which continues for a large part of the length of
Fig. 1. Space-filling model of the 14-3-3 dimer. The view is
orthogonal to the dimer dyad axis, looking along the length of
the groove. The residues which are conserved in all the 14-3-3
isoforms are coloured yellow and the variable residues are in
white. This view of the protein clearly demonstrates that the
groove is made up entirely of conserved residues, adding
weight to the argument that the groove binds to a conserved
factor, protein or structure. It also suggests that the outer surface
of the protein, which contains the variable residues, is where
the isoform-specific associations are likely to occur. (Figure
courtesy of B Xiao.)
© Current Biology Ltd ISSN 0969-2126 751
MINIREVIEW
752 Structure 1995, Vol 3 No 8
each monomer. The fact that 14-3-3 proteins dimerize
was previously known from biochemical studies [16],
which implicated the N-terminal region in dimerization.
The crystal structures now show that this is achieved by
packing helix otl from one monomer against helices 03
and ot4 from its partner.
The groove created by dimerization has an overall acidic
charge [14] although it has smaller regions which are pre-
dominantly basic and also hydrophobic regions, giving
the groove an amphipathic character [15]. Sequence
alignments with other 14-3-3 proteins show that the
highly conserved residues (-45% of the 240 odd residues)
all lie within an invariant surface (Fig. 1) which includes
the dimerization interface and the lining of the groove.
The non-conserved residues are on the outer surface of
the dimeric structure. So what is the function of this deep
groove? It is likely that it will be filled and Liu et al. [15]
show, through molecular modelling studies, that each
monomer could bind an amphipathic helix within the
groove. Thus, the groove in the dimer is presumably large
enough to accommodate two such helices. It is therefore
possible that two cellular proteins may associate with each
14-3-3 dimer, and that 14-3-3 may act to bring different
proteins together. The fact that so many of the residues
lining the groove are totally conserved suggests that all
14-3-3 proteins may bind to a surface which is shared by
a number of different proteins. Alternatively, a single (as
yet unknown) protein, or structure, may bind to the
groove of all 14-3-3 proteins. At present we do not know
if any of the proteins that have been shown to interact
with 14-3-3 do so via the groove. From this point of
view, it is interesting that 14-3-3 has been shown to bind
across a large portion of Raf-1, associating with both the
catalytic and the regulatory regions. The affinities for the
different Raf-1 domains, however, vary and the signifi-
cance of these broad associations is unclear.
The variant residues in 14-3-3 family members are
exposed on the outer surface and this may provide
specific binding surfaces for particular proteins. It is
therefore plausible that 14-3-3 dimers could act as
bridges between proteins bound in the groove and those
on the outer surface and thereby play a role in assembling
protein complexes containing multiple components. An
interesting possibility is suggested by the recent demon-
stration that 14-3-3 heterodimers can be formed [16]. If
the individual 14-3-3 isoforms in the heterodimer bind
different proteins, heterodimrnerization would lead to pro-
tein complex formation, with the 14-3-3 proteins acting
as adaptors that can regulate specific protein-protein
interactions. One further point of interest is the observa-
tion that three of the 14-3-3 isotypes (8, 5 and T) can be
phosphorylated [9,17]. The phosphorylated residue in
the 8 and ; isoforms has now been shown to be located
on the variable surface, close to the lip of the groove
[17]. This positioning suggests that phosphorylation may
affect access to the groove for binding proteins, or associ-
ations that occur on the dimer surface. This raises the
possibility of an added level of regulation of 14-3-3
activity, and in favour of this view is the observation that
the phosphorylated 8 and isoforms have increased
potency as inhibitors of protein kinase C [18].
Thus, in signal transduction 14-3-3 proteins may act as
adaptors, forming a central core with which other pro-
teins associate. On a higher level, heterodimers of
14-3-3 isoforms might bring together specific different
proteins, producing various responses in cells that con-
tain the same basic set of transduction enzymes but
express different 14-3-3 isoforms. Finally, phosphory-
lation of the homodimeric and heterodimeric proteins
may add an extra level of regulation. It is interesting to
draw parallels between the 14-3-3 structure and that of
the TATA-binding protein (TBP). Each TBP molecule
contains two copies of a motif, first identified by
sequence homology. The motifs pack against each other
to give a 'pseudo-dimeric' structure, that forms a saddle-
like protein. Like 14-3-3 there is a large internal groove
in TBP, composed of the conserved residues. The outer
surface contains the variant residues (most of which are
charged) which presumably form a surface for inter-
action(s) with other protein(s).
If the groove in 14-3-3 proteins is interacting with a
particular cellular structure or protein, as suggested
above, then 14-3-3 may be involved in the subcellular
localization of the complex that is associated with it;
certain isoforms may thus direct preferential association
with the plasma membrane, others with the nuclear
envelope. It is now necessary to determine what is associ-
ating with the groove and how the interactions with
Raf-1 and the other proteins are occurring; the co-crys-
tal structure of 14-3-3 with Raf-1 is eagerly awaited.
With the structure of 14-3-3 proteins now solved, it may
be possible to determine their precise role in all the bio-
logical processes in which they appear to be involved.
Acknowledgements: We thank B Xiao for providing the figure of the
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